Primary hyperoxaluria type I is a severe kidney stone disease caused by mutations in the protein alanine:glyoxylate aminotransferase (AGT). Many patients have mutations in AGT that are not deleterious alone but act synergistically with a common minor allele polymorphic variant to impair protein folding, dimerization, or localization. Although studies suggest that the minor allele variant itself is destabilized, no direct stability studies have been carried out. In this report, we analyze AGT function and stability using three approaches. First, we describe a yeast complementation growth assay for AGT, in which we show that human AGT can substitute for function of yeast Agx1 and that mutations associated with disease in humans show reduced growth in yeast. The reduced growth of minor allele mutants reflects reduced protein levels, indicating that these proteins are less stable than wild-type AGT in yeast. We further examine stability of AGT alleles in vitro using two direct methods, a mass spectrometry-based technique (stability of unpurified proteins from rates of H/D exchange) and differential scanning fluorimetry. We also examine the effect of known ligands pyridoxal 5-phosphate and aminooxyacetic acid on stability. Our work establishes that the minor allele is destabilized and that pyridoxal 5-phosphate and aminooxyacetic acid binding significantly stabilizes both alleles. To our knowledge, this is the first work that directly measures relative stabilities of AGT variants and ligand complexes. Because previous studies suggest that stabilizing compounds (i.e. pharmacological chaperones) may be effective for treatment of primary hyperoxaluria, we propose that the methods described here can be used in high throughput screens for compounds that stabilize AGT mutants.
Deficiencies in the enzyme alanine:glyoxylate aminotransferase (AGT) 3 cause primary hyperoxaluria type I (PH1), a severe autosomal recessive kidney stone disease (1, 2) . In humans, AGT is responsible for conversion of glyoxylate to glycine in the liver. Without functional AGT, glyoxylate builds up and is converted to calcium oxalate, which is deposited in the kidneys and can lead to kidney stones and renal failure. In many patients, deficiency of AGT results from one or two amino acid changes that decrease the stability of this enzyme. As a result, AGT may be degraded, become improperly localized, or form nonfunctional aggregates (1, 2) .
Over 50 different mutations of AGT and two polymorphic variants have been identified (1, 3) . The two allelic forms consist of a "wild-type" major allele, AGTma, and a minor allele, AGTmi. The minor allele is present in ϳ20% of European and North American populations and contains P11L and I340M substitutions in the amino acid sequence and a 74-bp duplication in intron 1 (4, 5) . The P11L and I340M substitutions, particularly P11L, have several biochemical effects, including decreasing catalytic activity and slowing the dimerization rate, but by themselves are not disease-causing (4, 5) . The minor allele of AGT is deleterious when combined with certain additional mutations, leading to impairments in the stability, localization, and/or dimerization of the enzyme. Interacting mutations include I244T, found in ϳ9% of PH1 patients. This mutation is not disease-causing itself but leads to protein aggregation and disease when combined with the minor allele polymorphism (6) . The mutation G170R, found in ϳ30% of PH1 patients, is also not by itself deleterious but when combined with the minor allele is thought to reduce stability, delay dimerization, and result in protein mislocalization (5) .
Previous studies have characterized wild-type AGT and PH1-associated variants biochemically and in cell culture (5) (6) (7) (8) (9) (10) . The minor allele itself appears to have a particularly complex phenotype; studies suggest that it has reduced catalytic activity (5, 8) and reduced stability (5, 7) and that the P11L mutation generates a cryptic mitochondrial targeting signal that affects protein trafficking (4, 10, 11) . Although the trafficking differences between the major and minor allele proteins are well established (2) , there is only indirect evidence supporting that the minor allele is destabilized, and some of these experiments are difficult to interpret because they assessed the minor allele in combination with other mutations or characterized proteins containing only one of the two minor allele mutations. Evidence for minor allele destabilization includes in vitro transcription/translation studies demonstrating that AGTmi is more aggregation-prone than AGTma (7) and protease protection and overexpression results showing that variants containing the P11L mutation are more susceptible to proteolytic digestion (6) and prone to aggregation (5) .
Studies have suggested that certain PH1-associated forms of AGT may be suitable for rescue by pharmacological chaperones, small molecules that promote folding of a protein in an active conformation. For example, the mistrafficking of the G170R/minor allele mutant mentioned above could be rescued by the addition of betaine, a nonspecific chemical chaperone, as well as by lowering temperature (9) , supporting the idea that increasing the stability of unstable variants can alleviate protein dysfunction. Molecules that provide even a modest increase in protein stability may therapeutically benefit PH1 patients with partially functional AGT variants. One chemical that has been used in pharmacological treatment of PH1 is pyridoxine, which appears to improve outcome for certain subtypes of PH1 (1, 12) through an unknown mechanism. Pyridoxine is broken down in the cell to form pyridoxal 5Ј-phosphate (PLP), a cofactor for AGT. Several in vitro studies suggest that PLP stabilizes AGT; PLP was found to increase the solubility of a variant (AGTmi-I244T) expressed in COS cells (6) , to improve the yield and increase dimerization of in vitro transcribed/translated protein (7), to protect AGT mutants from proteasomal degradation (7), and to protect wild-type AGT from heat inactivation (13) . None of these studies, however, incorporated direct stability measurements, and the issue is further complicated because attempts to observe an effect of PLP in vivo (similar to the effect seen with betaine, for example) have failed (9) .
In this work, we use in vivo and in vitro approaches to evaluate the activity and stability of wild-type AGT and PH1-associated variants. First, we demonstrate the utility of a yeast-based complementation assay, which provides a rapid and facile means of evaluating activity of wild-type and mutant AGT proteins in vivo. We show that human AGT can substitute for the yeast enzyme and that variants of human AGT associated with disease, including the minor allele, show reduced protein levels and reduced growth in yeast. We further explore differences of AGT variants in vitro, with the aim of directly characterizing the stability of major and minor alleles in the presence and absence of ligand complexes. These studies include thermal denaturation experiments utilizing catalytic activity and fluorescence spectroscopy as well as chemical denaturation experiments using a hydrogen/deuterium (H/D) exchange-and mass spectrometry-based approach termed SUPREX. Our results show that the minor allele polymorphism substitutions destabilize the enzyme and that both wild-type and minor allele proteins are significantly stabilized in the presence of ligands PLP and aminooxyacetic acid (AOA). Yeast Complementation Experiments-AGTma and AGTmi clones for expression in the YCG-F r strain were cloned by homologous recombination into the plasmid p416GPD. Forward and reverse oligonucleotides were designed that added sequences to AGT clones that match the p416GPD vector at the insert site and used for PCR (Phusion; New England Biolabs). To generate mutations, 32-bp forward and reverse oligonucleotides were generated with the mutation. These oligonucleotides were used with the above mentioned forward and reverse primers to generate two overlapping fragments, using either AGTma or AGTmi as a template. The two fragments were transformed with p416GPD (cut with BamHI and EcoRI) and cloned by homologous recombination in yeast. For production of HA-tagged proteins, 2ϫ HA tags were amplified from a construct that contained the sequence GMRYPYDVPDYAGYPY-DVPDYASGR. During PCR amplification, the sequences were added to allow homologous recombination with p416GPD-AGT constructs cut with EcoRI and HindIII enzymes, such that the HA tag would be inserted at the C terminus of the AGT protein. All of the clones were verified by sequencing.
EXPERIMENTAL PROCEDURES
For growth assays, yeast were grown overnight in SD ϪUra/ ϪGly medium containing 2% glucose and supplemented with 10 mM glycine. The following morning, the strains were diluted in the same medium and grown to log phase. The strains were washed in water and diluted to A 600 0.05 in SD ϪUra/ϪGly with 3% ethanol/no glycine for assays. Growth was carried out at the indicated temperatures in either 96-well plates or 13-mm culture tubes. A 600 measurements were taken after indicated times. Fig. 3A and Table 1 report the average of three A 600 measurements taken at a single time point, at which AGTma was in log phase with A 600 between 0.6 and 1.
For Western blotting, HA-tagged proteins were expressed in strain YCG-F r in the presence of glycine and grown to log phase. Equal amounts of total protein were blotted onto a nitrocellulose membrane, and labeling was performed using an anti-HA monoclonal antibody (HA.11; Covance). The secondary antibody used was an IRDye 680 goat anti-mouse IgG (Li-COR), and the proteins were visualized using an Odyssey infrared imaging system (Li-COR).
Protein Purification-To generate C-terminal His 6 tag clones for protein expression, NdeI and XhoI sites were added to AGTma or AGTmi using PCR (Phusion). PCR products were digested with NdeI and XhoI and ligated into pET-30a digested with NdeI and XhoI. The clones were verified by sequencing and were transformed into BL21(DE3) Escherichia coli (Novagen). For purification, the bacteria containing the AGT clones were grown to 0.8 A 600 and then induced for 6 h at room temperature with 1 mM isopropyl-␤-D-thiogalactopyranoside to produce His-tagged proteins. The cells were harvested by centrifugation and frozen for later use. For purification, the cells were lysed in Y-PER (Pierce) and purified on a nickel-nitrilotriacetic acid column using the Y-PER His 6 fusion protein purification kit (Pierce) according to the manufacturer's protocol. Following purification, protein concentration was determined by Bradford assay, and the samples were stored at Ϫ80°C in aliquots in elution buffer (50 mM Tris, 300 mM NaCl, 200 mM imidazole, 10% glycerol, pH 6.8) or storage buffer (50 mM Tris, 300 mM NaCl, 10% glycerol, pH 6.8).
Determination of AGT Enzyme Activity-AGT activity was determined as described (14) , using a two-step reaction. Initial reactions contained 100 mM potassium phosphate (K 2 HPO 4 ϩ KH 2 PO 4 ), pH 8.0, 10 mM glyoxylate, 150 M PLP, and 150 mM alanine in a total of 200 l. The samples were incubated 30 min at 37°C, and the reaction was stopped by trichloroacetic acid precipitation using 50 l of 50% trichloroacetic acid. For thermal inactivation experiments (see Fig. 4 ), the purified proteins were preincubated for 1 h at specified temperatures in dilution buffer (300 mM NaCl, 50 mM Tris, pH 6.8). Following preincubation, the samples were placed on ice for 10 min and then assayed for AGT activity as usual.
SUPREX Analysis of Purified AGT-SUPREX experiments were performed using a series of deuterated H/D exchange buffers (20 mM phosphate in D 2 O, pD 7.4) containing 0 -7.6 M deuterated guanidine hydrochloride. The concentration of guanidine hydrochloride in each H/D exchange buffer was determined with a Bausch & Lomb refractometer as described (15) . Prior to SUPREX analysis, AGT samples (13 M) were preincubated for 1 h at room temperature in phosphate-buffered saline (pH 7.4) in the presence or absence of ligands (1.3 mM). In some cases, AGTma samples were equilibrated overnight at 4°C, but this did not result in an observable change in the SUPREX results. Hydrogen exchange reactions were initiated by adding 7 l of each exchange buffer to 3 l of protein solution, resulting in a final protein concentration of 4 M and final ligand concentrations of 400 M. The H/D exchange reactions were carried out at room temperature for the specified times and quenched with 1 l of 10% trifluoroacetic acid. The protein was concentrated and desalted using C 4 or C 18 ZipTips (Millipore). The protein samples were eluted from the ZipTips directly onto a MALDI target using the MALDI matrix solution, which consisted of saturated sinapinic acid in 0.1% trifluoroacetic acid, 50 -75% acetonitrile, and 25-50% water. The matrix solution also contained aldolase as an internal standard for the MALDI measurements.
After H/D exchange, the protein masses were measured using a Bruker Ultraflex II TOF/TOF mass spectrometer. The mass of the protein after it was subjected to H/D exchange at each concentration of denaturant was extracted from the MALDI mass spectra using a MATLAB program that performed a 19-point floating average smoothing of the data, a one-point mass calibration using the ion signal from the internal mass standard, and a center of mass determination for the ion signal of the protein. Mass determinations from 10 replicate MALDI mass spectra were averaged to obtain an average molecular mass of the deuterated protein in each buffer. An average change in mass caused by the uptake of deuterons (i.e. ⌬mass) was calculated at each concentration of guanidine hydrochloride by subtracting the mass of the protonated protein from the average molecular mass of the deuterated protein. ) was extracted by fitting the data to a sigmoidal equation using IGOR Pro software (Wavemetrics). The concentration of guanidine hydrochloride in the plot was adjusted to reflect the final concentration after mixing the exchange buffer with the protein solution.
Differential Scanning Fluorimetry-Purified AGTma or AGTmi proteins (1-5 M) were diluted in SYPRO buffer containing 10 mM HEPES, 150 mM NaCl, and 5ϫ SYPRO orange (Molecular Probes). The proteins were subjected to a ramp of 1°C/min in a Lightcycler 2.0 real time PCR thermal cycler (Roche Applied Science) at a temperature gradient from 35 to 95°C. The graphs were generated using IGOR Pro software. Calculation of T m was carried out by determining the maximum of the first derivative of each transition using the Lightcycler 2.0 software.
RESULTS

Expression of AGT Disease Variants in Yeast-Yeast alanine:
glyoxylate aminotransferase (AGX1) is involved in the glyoxylate pathway and is important for glycine synthesis under growth on nonfermentous carbon sources. Although AGX1 is not essential for viability, yeast lacking AGX1 in a shm1, shm2, and gly1 background are unable to grow on medium that contains ethanol unless exogenous glycine is provided (16) . Plasmid-expressed yeast Agx1 protein can restore ethanol-dependent growth to an agx1-deficient strain, YCG-F r (16) . The Agx1 enzyme has 23% identity to human AGT, with residues that are conserved among all AGTs, such as a common pyridoxal 5Ј-phosphate-binding site (Fig. 1 ). Agx1 in yeast has been proposed to be mitochondrially localized based on green fluorescent protein fusion analysis (17) , although this localization may not be exclusive. In humans, the AGT enzyme is peroxisomal, but in other mammals the enzyme can be peroxisomal, mitochondrial, or both (18, 19) .
We examined whether expression of plasmid-derived human AGT could complement growth of yeast lacking AGX1 in the YCG-F r strain (16) . This strain is unable to grow on glycine-free medium, because it cannot synthesize glycine endogenously (16) . When streaked on plates containing ethanol, YCG-F r cells expressing Agx1 (p416ADH-Agx1) are able to grow, because the Agx1 enzyme converts glyoxylate to glycine (Fig. 2) . Expression of human AGT (p416GPD-hAGT) in YCG-F r also allowed growth on ethanol plates, indicating that the human enzyme is able to substitute for the yeast protein (Fig. 2) . High level expression of human AGT was required for complementation, because yeast expressing human AGT under control of a weaker ADH promoter showed no growth (data not shown).
We examined whether the minor allele polymorphisms P11L and I340M would confer reduced growth to YCG-F r yeast expressing AGT. We also examined the effects on growth of the three most common mutations that cause disease when in combination with the minor allele: I244T, G170R, and F152I. In Fig.  3A , we show the growth of yeast expressing mutant versions of AGT. In Fig. 3B , we show the relative growths of yeast expressing wild-type and mutant proteins after 47-78 h at 30°C. Growth of yeast expressing wild-type AGT was highest, followed by AGTmi and AGTmi-G170R at about 45-70% of wildtype growth. The reduced growth seen by AGTmi is consistent with reported measurements showing that this allele has ϳ50 -80% of wild-type activity (5, 8) . There was no significant difference between growth of yeast expressing AGTmi and AGTmi-G170R, indicating that the G170R mutation does not significantly affect function of AGT in yeast. In contrast, growth of yeast expressing AGTmi-F152I was on average ϳ33% of wild-type growth, whereas those expressing AGTmi-I244T showed about 12% of wild-type growth. Yeast transformed with the control plasmid p416GPD showed no significant growth after ϳ90 h.
We examined variants of AGT in the yeast assay and compared these growths with reported activities from bacterially expressed proteins and from human liver ( Table 1) . The results from the yeast assays are generally consistent with the reported activities. One exception to this was the reported in vitro activity for AGTma-R233C, which was found to show greatly reduced catalytic activity (14% of wild type) when expressed in bacteria (20) . The mutation R233C causes disease when combined with the minor allele mutations P11L and I340M but is not disease-causing in the major allele background. We examined R233C in both minor and major allele backgrounds in yeast. Yeast expressing AGTmi-R233C were unable to grow at any temperature, indicating the severity of this mutation. Yeast expressing AGTma-R233C showed reduced growth compared with wild type but not to the same degree as was reported from bacterial protein expression. To explore this discrepancy, we expressed and purified the AGTma-R233C mutant from bacteria. In our hands, we find that the AGTma-R233C mutant shows 72-88% of wild-type activity (data not shown), which is more consistent with the yeast results. We also examined two additional mutations in the major allele background, S205P and S158L. These mutations are predicted to be quite severe, because they cause disease in the major allele background. The S205P replacement is predicted to alter hydrogen bonding of the central ␤-sheet (21, 22) , whereas Ser 158 helps to orient the PLP cofactor in the enzyme active site (22) . Using the yeast assay, we found the growth of the S205P variant in yeast to be 6% of wild-type and S158L to be 2.8% of wild-type (Table 1) , correlating well with the reported severity of these mutations.
The reduced growth of the AGT mutants expressed in yeast could be due to a reduction in protein levels and/or a reduction in protein activity. In Fig. 3C , we show immunoblots of HAtagged AGT proteins expressed in yeast. For wild-type and all of the minor allele mutants, the protein levels correlated well with yeast growth, with wild-type AGTma showing the highest levels, followed by AGTmi and AGTmi-G170R, AGTmi-F152I, AGTmi-I244T, and AGTmi-R233C. These results indicate that the different levels of yeast growth seen with these AGTmi mutants reflect different steady-state levels of protein in the yeast. We also examined levels of protein containing the S205P or S158L mutation, which conferred severely reduced growth to yeast (Table 1) . We were unable to detect a Western band with S205P, a mutation that is predicted to significantly disrupt AGT structure, indicating that this mutant also greatly destabilizes AGT in yeast. This protein was previously examined in vitro (7), where it was found to have an extremely short half-life. S158L, a mutation that affects PLP binding in the active site, was not predicted to cause a large decrease in stability, and the protein correspondingly showed a significant band on immunoblots. However, the levels of S158L were reduced ϳ50% compared with wild-type, indicating that the mutation affects stability as well as activity.
We examined whether the addition of PLP would stabilize AGT mutants and increase growth of yeast. Yeast expressing AGTmi or AGTmi-I244T were incubated in the presence or absence of up to 30 M PLP, but we were unable to observe an effect of PLP using this approach. Our results are consistent with another study that also failed to observe an effect of PLP on AGT expressed in cell culture (9) . PLP is a cofactor for many proteins in yeast, and yeast contain a TPN1 gene encoding a vitamin B6 (pyridoxine) transporter (23) . The transporter is regulated by the extracellular levels of pyridoxine, such that a decrease in PLP levels results in an increase in the levels of Tpn1 (23) . In addition to regulating intracellular levels of PLP, yeast are able to synthesize PLP endogenously. It is possible that our inability to observe a stabilizing effect with exogenous PLP in the cell may be due to the ability of yeast to strongly buffer PLP.
In Vitro Studies-Because our yeast experiments indicated a difference in stability of wild-type and minor allele forms of AGT (as observed by a difference in steady-state protein levels), we examined these differences in more detail in vitro using recombinant protein. Major and minor allele forms of AGT were cloned into the vector pET-30a to generate a C-terminal His 6 tag, and proteins were expressed and purified from bacteria. To lyse and solubilize the bacterial extracts, we used Y-PER (Pierce), which we had found useful for solubilizing AGT protein. Approximately 50% of the expressed AGT was soluble after lysis using Y-PER (data not shown). C-terminal His 6 -tagged AGTma and AGTmi proteins consistently showed ϳ2-fold increased activity when compared with a previous study using N-terminal protein fusions (8) . AGTma showed an average specific activity of 1639 Ϯ 145 mol/h/mg, whereas AGTmi protein activity was on average ϳ50% that of AGTma (specific activity 853 Ϯ 249 mol/h/mg). A previous study of purified AGT with a C-terminal His 6 tag also reported activity of AGTmi as ϳ50% of AGTma, although the total specific activity was higher (5).
We used thermal inactivation to explore whether the difference we observed in activity between AGTma and AGTmi was due to a difference in stability of the two variants (Fig. 4) . In these studies, we also examined protection by PLP. Although previous studies, including our yeast experiments, were unable to demonstrate protection of AGT by PLP in vivo, indirect effects of PLP on stability have been observed in vitro by several groups (6, 7, 13) . Purified proteins were preincubated for 1 h at the indicated temperatures in the presence or absence of 50 M PLP. Following preincubation, PLP was added such that all samples contained an equal amount of PLP, and AGT activity was assayed. AGTma (Fig. 4A ) is inactivated after a 1-h incubation at 65°C in the absence of ligand but is significantly protected by the addition of PLP. In contrast, the activity of AGTmi is less thermally stable than AGTma, showing reduced activity at 42°C and complete inactivation after incubation at 60°C in the absence of added ligand (Fig. 4B) . AGTmi was also significantly stabilized by PLP, although not to the same degree as AGTma.
The thermal inactivation studies suggested that both AGTma and AGTmi are protected by the presence of PLP and supported previous studies that suggest AGTma is more stable than AGTmi. Because these studies rely on activity as an indirect indication of stability, we sought to validate these results by directly examining the thermodynamic stabilities of AGT using SUPREX, a mass spectrometry-based technique, and differential scanning fluorimetry (DSF), a fluorescence-based method that examines protein unfolding during heat denaturation. (24 -27 ) is designed to evaluate the thermodynamic stability of proteins in solution and can provide quantitative stability measurements of both unliganded and ligand-bound protein. SUPREX is performed by diluting a protein into a series of H/D exchange buffers containing increasing concentrations of a chemical denaturant. At higher concentrations of denaturant, a larger population of the protein is unfolded, leading to an increase in the uptake of deuterons. This increase in deuteration leads to an increase in mass, which can be measured using MALDI-TOF mass spectrometry. The mass increase (i.e. ⌬mass) is plotted versus denaturant concentration, and the midpoint of the resulting SUPREX curve transition (C SUPREX Table  2 . The average C SUPREX 1/2 value for AGTma was consistently greater than the average C SUPREX 1/2 value for AGTmi, indicating that AGTma is more thermodynamically stable than AGTmi. SUPREX was also used to detect binding between AGT and two of its known ligands, PLP and AOA. As shown in Fig. 5 (B and  C) , PLP binding resulted in an increase in thermodynamic stability for AGTma and AGTmi, with further stabilization when both PLP and AOA were added. The ⌬mass values for AGT in the presence of PLP were higher than the ⌬mass values for AGT without added ligand because of a covalent linkage between AGT and PLP. (Noncovalent complexes dissociate in the MALDI matrix solution, but covalent bonds generally persist throughout the sample preparation protocol.) The ⌬mass values for AGT-PLP-AOA were similar to those for AGT without added ligand because of the reaction between PLP and AOA, which breaks the Schiff base linkage between AGT and PLP (28). 
Mass Spectrometry-based Analysis of AGT Stability Using SUPREX-The SUPREX technique
FIGURE 4. Thermal inactivation analysis of AGTma (A) or AGTmi (B).
Purified proteins were incubated in the presence or absence of 50 M PLP and subjected to heat treatment for 1 h at the specified temperature. Following heat treatment, the samples were cooled on ice, adjusted such that they contained equivalent amounts of PLP, and assayed for AGT activity. values over those seen with PLP alone. Because of this considerable stabilization effect, we were unable to observe a SUPREX transition using a 5-min H/D exchange time, as was used with PLP only, and found it necessary to increase the H/D exchange time to 1 h. As mentioned above, by varying the exchange time, the transition midpoint of the SUPREX curve can be moved into an experimentally accessible guanidine hydrochloride concentration range. Because PLP and AOA are known to react with each other (28, 29), we also evaluated whether AOA is capable of binding AGT in the absence of added PLP. We were unable to detect a shift in the SUPREX transition midpoint for AGTma when AOA was added in the absence of additional PLP (data not shown), suggesting that AOA either cannot bind to AGTma without PLP or that it binds too weakly to produce a detectable shift in the transition midpoint.
SUPREX analysis of AGTma and
Analysis of AGT Stability Using DSF-We also examined the stability of major and minor alleles of AGT using DSF, a fluorescence method that can be used to monitor solution phase protein stability and ligand-induced changes in stability (30 -32) . The technique involves subjecting a protein to heat denaturation under continuous fluorescence monitoring in the presence of an environmentally sensitive fluorescent dye. The dyes used, such as SYPRO orange, are quenched in aqueous solutions but show increased emission in nonpolar environments, binding to hydrophobic sites exposed during protein unfolding. As a given protein is exposed to increasing temperature, it undergoes denaturation, leading to an increase in fluorescence. The temperature at which this transition occurs is related to the protein stability. Because unfolding of a protein results in an increase in fluorescence, effects on protein unfolding can be separated from protein aggregation, which is seen as a general decrease in the base-line fluorescence as the temperature increases. For mutant proteins that are very aggregationprone, this decrease in fluorescence can be quite pronounced but can be overcome by reducing the protein concentration in the assay. 4 We used DSF to determine melting curves for AGTma and AGTmi. Fig. 6A shows fluorescence changes of the dye SYPRO orange in the presence of 5 M AGTma or AGTmi over a temperature ramp from 37 to 95°C. The temperature at which the concentration of folded protein is equivalent to unfolded protein is termed the melting temperature, T m . A two-step transition was observed for AGTma, with inflection points (i.e. T m values) at 54 and 66°C. AGTmi showed a similar two-step transition curve, but both transitions were shifted to the left, with inflection points at 45 and 61°C. These results are consistent with the SUPREX results, which also show that AGTmi is less stable than AGTma.
For protein-ligand interactions, ligand binding results in an overall increase in protein stability. In DSF experiments this typically corresponds to an increase in the T m in the presence of ligand. As shown in Fig. 6 (B and C) , we observed shifts in the DSF transitions of AGTma and AGTmi in the presence of ligands PLP and PLP-AOA. The addition of 70 M PLP causes the T m values of both AGTma and AGTmi to increase by more than 20°C, raising the T m to 78°C for AGTma and 73°C for AGTmi. In the presence of both PLP and AOA, the shift in T m is even greater, to 86°C for AGTma and 78°C for AGTmi. With AOA alone, only a small shift in stability (4°C for AGTma) for the second of the two transitions was detected (data not shown). These DSF results indicate that ligands PLP and AOA exert significant stabilizing effects on AGTma and AGTmi.
DISCUSSION
In this study, we use three separate approaches to analyze the activity and stability of wild-type and PH1-associated AGT variants. First, we developed a cell-based assay for AGT that links activity to yeast growth. Our results show that human AGT can substitute for yeast AGX1 and that mutations associated with disease in humans cause a reduction in growth of yeast. The yeast assay is comparable with other methods of assaying AGT, in that for the mutant proteins that we characterized, growth in yeast roughly parallels activity of the same proteins assayed from human liver ( Table 1 ). For patients affected by PH1, diagnosis can be difficult if DNA sequencing does not reveal one of several known mutations associated with the disease. Thus, straightforward methods to quantify activity are essential. Current methods either require liver biopsy, which has added risk for the patient, or recombinant expression of the mutant allele. The latter method is time-consuming and laborious, requiring harvesting of cells and/or purification, determination of protein levels, and biochemical assay of activity. The yeast assay is convenient because it does not require protein purification or biochemical activity determination. In addition, new mutations can be quickly cloned in a high throughput manner using homologous recombination, a specific advantage of yeast. Finally, the yeast assay is also amenable to high throughput analysis, which we discuss in more detail below.
Upon expressing wild-type and mutant forms of AGT in yeast, we found that disease-associated variants showed reduced growth. We examined variants by Western blotting and found that in most cases the reduced growth could be attributed to reduced steady-state protein levels. One exception was AGTma-S158L, containing a mutation in an amino acid involved in orienting PLP in the active site, which retained significant protein levels despite reduced yeast growth. Significantly, we found that minor allele AGT, a variant that is not disease-causing, showed ϳ50% of wild-type activity and yielded ϳ50% of wild-type levels of protein in yeast. This finding suggested that this allele is significantly destabilized in cells, which is in agreement with previous studies showing that AGTmi is more prone to aggregation than AGTma when expressed in bacteria (7) . To further explore the relationship between activity and stability, we expressed the major and minor AGT alleles in bacteria and directly assayed for stability differences using several different methodologies. Our results, the first such direct studies of AGT stability to be carried out, clearly show that minor allele AGT is significantly destabilized when compared with the major allele protein. We hypothesize that the reduction in yeast growth and reduction in in vitro activity of the minor allele AGT variant is largely due to destabilization.
Although bacterially expressed AGTmi has been observed to be more aggregation-prone than AGTma (7), we did not observe significant aggregation in our stability studies. Protein aggregation would be expected to reduce the cooperativity of the SUPREX and DSF transitions. An aggregated species that dominated our sample would thus greatly reduce or eliminate the denaturant dependence to the ⌬mass values in the transition regions of the SUPREX curves and the temperature dependence of the fluorescence signals in the DSF curves. For severely aggregated proteins these assays may be unable to differentiate between severe destabilization and aggregation, but such aggregation issues can also be alleviated by decreasing the protein concentration in the assays. The observation of cooperative curve transitions in our studies (see Figs. 5 and 6) indicates that it is unlikely that such aggregated species dominate.
We directly measured the stability of AGTma and AGTmi in the presence of known ligands PLP and AOA. Pyridoxine, which is broken down to form PLP in cells, has long been known to improve the outcome in patients with certain forms of PH1 (1, 12) , but it has been unclear how this effect is mediated. Such treatment improves the disease in certain patients with residual AGT enzymatic activity but has no effect on patients that lack enzyme activity, leading researchers to hypothesize that PLP may be acting to enhance protein folding or stability. However, studies that have examined the rescue of mislocalized AGT variants in cell culture have failed to see an effect with PLP (9) . In vitro studies have provided indirect evidence of AGT stabilization with PLP (6, 7, 13), but no direct stability analysis has been undertaken.
In the studies described here, we demonstrate ligand-induced stability changes in the presence of PLP. Using an activity-based readout, we show that both AGTma and AGTmi are significantly protected against thermal inactivation by the presence of PLP (Fig. 4) and that AGTma is stabilized to a greater degree than AGTmi. The reduced degree of stabilization for AGTmi may reflect a reduced affinity for PLP, as has been shown previously (8) . Our results with His-tagged AGTma in this experiment are similar to those from a recent report using untagged purified AGTma (13) , indicating that the C-terminal His 6 tag does not have a significant effect on stability. We also detected large stability increases of AGT in the presence of PLP using two direct approaches, SUPREX and DSF. We were unable to observe a difference in degree of PLP stabilization between AGTma and AGTmi using these methods, which we suspect is because the structure-based assays are less sensitive than the activity-based assay. PLP-induced stabilization has been observed previously for many, but not all, PLP-binding enzymes. For example, rat liver mitochondrial aspartate aminotransferase, O-acetylserine sulfhydrylase, glutamate decarboxylase, sheep liver serine hydroxymethyltransferase, and tryptophan synthase were found to be stabilized by PLP (33) (34) (35) (36) (37) (38) , but no stabilization has been observed for serine hydroxymethyltransferase (39) or dopa decarboxylase (40) .
We were unable to examine thermal inactivation of AGT in the presence of PLP-AOA because AOA is an inhibitor of AGT activity. However, because DSF and SUPREX do not rely on activity measurements as an indication of stability, we used these direct methods to examine stability changes of the AGT-PLP complex upon binding of AOA. Results from these approaches show an increase in the stability of AGTma-PLP and AGTmi-PLP upon AOA binding. Although AOA is well known as an inhibitor of many PLP-binding enzymes, to our knowledge, this is the first report of AOA-induced stabilization of AGT-PLP.
Unstable proteins that retain partial function, such as certain AGT mutant subtypes, represent promising targets for drug intervention. These proteins may benefit from pharmacological chaperones, which are compounds that specifically bind and stabilize a native protein conformation. The strong stabilizing effect of AOA on AGT-PLP suggests that an AGT inhibitor could be useful as a pharmacological chaperone. Unfortunately, AOA inhibits a variety of PLP-binding enzymes (41) , and this nonspecificity prevents it from being viable as a pharmacological chaperone. Despite their inhibition of protein activity, enzyme inhibitors show promise as pharmacological chaperones, because they can promote proper folding of the active conformation of a protein. Once the active site domain has adopted the proper structure, exchange of the inhibitor for the substrate (which is most likely at a higher concentration than the inhibitor because of the deficiency in protein activity) occurs more readily. For example, unstable variants of lysosomal ␣-galactosidase A, associated with Fabry disease, were rescued by addition of a competitive inhibitor, 1-deoxygalactonorijimycin (42, 43) . In other studies, increased protein levels were seen following treatment of cells expressing mutant acid ␤-glucosidase (defective in Gaucher disease) or a V2 vasopressin receptor mutant (associated with nephrogenic diabetes insipidus) with active site inhibitors (44, 45) . These observations, along with our results with AGT-PLP-AOA, suggest that an AGT-specific inhibitor could be therapeutically useful for PH1, particularly when used in conjunction with PLP.
In the studies described here, we found a clear difference in stability between AGTma and AGTmi. The minor allele acts synergistically with a number of other mutations to cause ϳ30 -50% of PH1 disease. We speculate that pharmacological chaperones that target this variant, even in the absence of other mutations, may be therapeutically beneficial. Previously, it has been speculated that the minor allele, although not itself disease-causing, could play a role in idiopathic calcium oxalate kidney stone disease, a much more common disease (2) . Although this link remains to be established, our studies suggest that a large percentage of the population that is homozygous for the minor allele (ϳ4% of European and North American (2)) may, depending on their diet, benefit from treatment with PLP or novel stabilizing compounds.
To effectively identify new pharmacological chaperones for AGT, efficient high throughput assays are required. Each of the methodologies that we have developed with AGT (the yeast complementation, SUPREX, and DSF assays) can be used in a high throughput manner to detect ligand binding in screens for pharmacological chaperones. The yeast complementation assay is adaptable to a 96-well format and is straightforward, inexpensive, and requires little set-up time. A major advantage of this assay is that it not only allows identification of compounds that directly bind AGT but also allows for the identification of compounds that act indirectly, such as those that may stimulate protein chaperones. Previous high throughput compound library screens with yeast growth assays have successfully targeted a variety of proteins, such as polyglutamine-containing proteins (46, 47) , Sir2 (48) , and HSP90 ATPase (49) .
The in vitro assays we describe with AGT are also adaptable to high throughput screening. SUPREX can be scaled up for high throughput assays using a single-point protocol (50) , which involves collecting data at a single denaturant concentration rather than multiple concentrations and detecting binding events according to the magnitude of the ⌬mass values. Important advantages of this assay are the lack of requirement for purified protein, because protein mass changes can be evaluated in unpurified extracts, and the ability to detect ligandbinding events at any location in the protein. The DSF assay also has advantages that have made it attractive for use in identifying stabilizing ligands for protein crystallization (51, 52) and in drug discovery (53) (54) (55) . The method is easily adaptable to a high throughput format, can be carried out using a conventional real time PCR machine, requires small amounts of protein and ligand, and moreover is rapid and easy to set up. Together, these approaches should provide powerful platforms on which to initiate screening studies for stabilizing molecules for AGT.
